Arterial baroreceptors in the carotid sinus and aortic arch regions reflexly regulate heart rate and peripheral vascular responses during changes in arterial pressure. The relative influence of these two arterial baroreflex pathways on the control of these autonomic responses is debatable.
Arterial baroreceptors in the carotid sinus and aortic arch regions reflexly regulate heart rate and peripheral vascular responses during changes in arterial pressure. The relative influence of these two arterial baroreflex pathways on the control of these autonomic responses is debatable.
Recent studies in our laboratory demonstrate that the aortic baroreflex produces substantial and sustained inhibition of efferent sympathetic nerve activity to muscle (MSNA) during increases in arterial pressure. The regulation of MSNA by these two baroreflexes in humans during hypotension, and particularly the role of the aortic baroreflex, remains undefined. We therefore performed a new series of studies to assess the relative influence of the aortic and carotid baroreflexes on MSNA responses during sustained decreases in arterial pressure. In eight normal male subjects, aged 23±1 years (mean± SEM), we directly measured mean arterial pressure, heart rate, central venous pressure, and MSNA (microneurography) during hypotension (combined aortic and carotid baroreceptor deactivation) produced by intravenous infusion of sodium nitroprusside and during nitroprusside infusion with superimposed application of external neck suction. Neck suction was applied at levels sufficient to maintain transmural carotid sinus pressure above control levels (carotid baroreceptor activation) while the aortic baroreflexes remained deactivated. Central venous pressure was maintained constant with volume infusion. We also studied responses of these same subjects to direct carotid baroreceptor deactivation with the application of external neck pressure. During neck pressure alone, there was a reflex increase in mean arterial pressure; thus, during this portion of the protocol, we achieved carotid baroreceptor deactivation with some aortic baroreceptor activation. Nitroprusside infusion (combined R eflex regulation of the circulation by arterial baroreflexes originating in the carotid sinus and aortic arch regions has been of interest for over 80 years.1-3 During elevation of blood pressure, activation of arterial baroreceptors increases their afferent inhibitory input on brainstem cardiovascular centers. This afferent inhibition produces an increase in parasympathetic and a decrease in sympathetic efferent outflow from these medullary centers. The net result is vasodilation, bradycardia, and a lowering of arterial pressure. Similarly, decreases in arterial pressure reduce arterial baroreceptor activity and thereby decrease afferent inhibition of the brainstem cardiovascular centers. As a result, heart rate increases, peripheral vasoconstriction occurs, and arterial pressure increases. 4 From a functional standpoint, the two components of the arterial baroreflexes (carotid and aortic) are not equivalent. Animal studies suggest that the aortic baroreflex has a higher threshold and lower sensitivity than the carotid baroreflex regarding the control of vascular resistance.5-7 Studies of the relative role of these two baroreflex pathways on control of heart rate responses during alteration of arterial pressure have been contradictory. [8] [9] [10] [11] [12] Previous studies on humans in our laboratory13 and by Mancia and colleagues14 suggest that the aortic baroreflex has a greater role than the carotid baroreflex in regulation of heart rate responses during elevation of arterial pressure. Similarly, recent studies from our laboratory,15 as well as investigations by Bath et al, 16 indicate that the aortic baroreflex is important in regulating sympathetic responses during elevation of blood pressure.
However, the relative contribution of the aortic and carotid baroreflexes to autonomic control of the circulation in response to decreases in arterial pressure may differ from that during increases in pressure. Studies of reflex responses to decreases in arterial pressure in humans are limited.14"1718 No study to date has systematically and simultaneously examined both heart rate and sympathetically mediated responses of normal human subjects during selective deactivation of aortic and carotid baroreceptors.
Thus, although studies from our laboratory and elsewhere demonstrate the importance of the aortic baroreflexes in the regulation of autonomic adjustments during elevation of arterial pressure, the relative contribution of the carotid compared with aortic baroreflexes on reflex responses during decreases in arterial pressure remains unclear. We therefore performed an entirely new series of investigations in a new set of normal human subjects to determine the relative contribution of these two arterial baroreflex pathways on the control of autonomic adjustments during hypotension. The unique features of these studies include direct measurements of efferent sympathetic nerve traffic combined with experimental strategies that permit deactivation of the two arterial baroreflex pathways alone and in combination.
Subjects and Methods

Subjects
Eight healthy male subjects, aged 23±1 years (mean±SEM), were studied in the supine, postabsorptive state. Based upon medical history and physical examination, all subjects were free of cardiovascular or other systemic disease, and none was receiving medication. Written, informed consent was obtained from all subjects before the study, and the study protocol was approved by the Human Subjects Review Committee of the University of Iowa, Iowa City, Iowa.
Measurements
A direct-writing multichannel physiologic recorder was used to simultaneously record systolic arterial pressure, mean arterial pressure, central venous pressure, heart rate, respiratory activity, level of external neck pressure or neck suction, and sympathetic nerve activity to muscle (MSNA). Arterial pressure was measured directly with a solid-state pressure transducer through an indwelling 4F polyethylene catheter inserted percutaneously in a brachial artery under local anesthesia. Mean arterial blood pressure was obtained by an electrical mean signal. An 18.5-gauge polyethylene catheter was inserted percutaneously under local anesthesia into a median antecubital vein and was advanced to an intrathoracic position for measurement of central venous pressure. Heart rate and rhythm were recorded continuously by an electrocardiogram, and respiratory activity was recorded by a strain gauge pneumograph. Zero pressure reference point was defined at the midaxillary position.
Procedures for Perturbing Arterial Baroreceptors
Two experimental strategies were used to deactivate the aortic and carotid baroreceptors together or separately. In the first series of experiments, a steady-state decrease in arterial pressure was achieved by a continuous intravenous infusion of sodium nitroprusside (6.4± 1.6 ,ug/kg/min). The nitroprusside infusion was titrated to, and then maintained at, a dosage that produced a definite decrease in arterial pressure with a discernible increase in MSNA. Thus, during nitroprusside infusion alone, both the carotid and aortic baroreceptors were simultaneously deactivated.
Subsequently, during continued steady-state reduction in arterial pressure produced by nitroprusside infusion, external neck suction was applied to the region of the carotid sinuses with the use of a malleable neck collar as previously described.20 External neck suction was applied at a level ( > 2 x change in mean arterial pressure) sufficient to return the carotid transmural distending pressure to or above control levels while the pressure in the aortic arch remained low. Therefore, during the combination of nitroprusside infusion with superimposed neck suction, we achieved selective deactivation of the aortic baroreceptors and activation of the carotid baroreceptors.
Because nitroprusside produces dilatation of venous capacitance, as well as arteriolar resistance vessels, central venous pressure tended to fall during nitroprusside administration. Infusion of intravenous normal saline (1,387 ± 93 ml) was used during these experiments to maintain central venous pressure at control levels and thereby maintain cardiopulmonary baroreflex activity at constant levels throughout the studies.
In seven of these subjects (all except subject 7), we performed a second protocol by applying external neck pressure as a means to reduce the transmural carotid sinus distending pressure The subjects were familiarized with the techniques and procedures before the study began. A 20-minute rest followed the insertion of all intravascular catheters and the location of a satisfactory recording site for MSNA. In all subjects, control central venous pressures; heart rate; and MSNA were recorded during a continuous 3-minute period.
In the first series of experiments, after control measurements were obtained, incremental intravenous dosages of nitroprusside were administered until a steady-state dosage was identified that produced a discernible decrease in arterial pressure and increase in MSNA. Repeat measurements of all variables were then obtained during a consecutive 3-minute period of nitroprusside infusion (combined aortic and carotid baroreceptor deactivation). Immediately after these measurements, sustained external neck suction was applied, averaging 2.1±0.1xthe decrease in mean arterial pressure. Considering the known incomplete transmission of neck suction to the carotid sinus region,24 this level of neck suction would be expected to return carotid sinus transmural pressure to or above control levels. A third and final consecutive 3-minute recording of all variables was obtained during this combined intervention of nitroprusside infusion with superimposed neck suction (aortic baroreceptor deactivation and carotid baroreceptor activation).
A second series of experiments was performed in seven of these same subjects after all variables had returned to baseline. In the second series of experiments, three consecutive minutes of control measurements were obtained, followed by three consecutive minutes of recording during application of sustained external neck pressure. The neck pressure was applied at levels intended to mimic the decrease in mean arterial pressure achieved by nitroprusside infusion in the first series of experiments, assuming incomplete transmission of neck pressure to the carotid sinus region.24 Application of external neck pressure resulted in a small reflex increase in arterial pressure. Thus, during this series of studies, we achieved selective carotid baroreceptor deactivation with aortic baroreceptor activation.
Statistical Analysis
Hemodynamic and MSNA values during periods of control, nitroprusside alone, and nitroprusside with superimposed neck suction were compared by one-way analysis of variance with repeated measures. The hemodynamic and MSNA responses of subjects during periods of control and neck pressure were compared by paired t test. Data are presented in the text, tables, and figures as mean ± SEM. Statistical significance was defined asp less than 0.05.
Results
Responses to Infusion of Nitroprusside Alone
The hemodynamic and MSNA responses to sustained infusion of nitroprusside alone are shown in Figure 1 and Figure 3) and is summarized for all subjects in Figure 4 . Discussion In these studies, we used experimental strategies to allow selective and combined deactivation of the aortic and carotid baroreceptors to determine their respective regulation of efferent sympathetic nerve activity in response to steady-state hypotension in normal human subjects. From these studies, we conclude that the aortic baroreflex is an important arterial baroreflex that controls MSNA responses during steady-state reduction in arterial pressure and that the carotid baroreflex seems important in regulating heart rate responses during hypotension. These findings emphasize the important role of the aortic baroreflex in regulating autonomic adjustments of sympathetic nerve activity during lowering of blood pressure and also point out the dissociation of arterial baroreflex control of heart rate and MSNA in humans.
The discussion focuses on the following topics: 1) the unique aspects of the experimental design, 2) previous studies of carotid compared with aortic baroreflex contrcl of the circulation, 3) relative role of aortic and carotid baroreflexes in autonomic control during perturbation of arterial pressure, and 4) potential limitations of the study.
Experimental Design
An advantage of this study is that peroneal microneurography was used for direct measurements of efferent MSNA, an approach that avoids the inherent difficulties of extrapolating changes in vascular tone to changes in efferent sympathetic nerve activ- control. ity. In addition, because of inherent limitations of studies in intact human subjects, the examination of autonomic responses to selective perturbation of either the aortic or carotid baroreceptors alone has proven difficult. However, using a strategy that we developed previously,13,15 we have been able to combine the use of nitroprusside (which deactivates both carotid and aortic baroreceptors similarly) with the use of a pneumatic neck collar (which permits perturbation of the carotid baroreceptors alone) to study the elfects of deactivation of the aortic and carotid baroreceptors together, and then separately. The neck chamber apparatus has been described previously,20 and its transmission characteristics have been systematically studied. [24] [25] [26] Although transmission of external neck pressure or suction by the collar is not complete, it is predictable and reproducible. 24 We anticipated the attenuated transmission of neck suction in the performance of these studies, and we subsequently applied levels that were great enough to return carotid sinus transmural pressure to or above control levels. This is supported by the finding that heart rate returned toward control values, despite significant systemic hypotension, when neck suction was superimposed with nitroprusside infusion (Table 1 and Figure 1) . Therefore, we believe that during the portion of the protocols involving combined nitroprusside infusion with superimposed neck suction, we achieved pronounced aortic baroreceptor deactivation with simultaneous carotid baroreceptor activation. Likewise, during studies involving the use of neck pressure, we also achieved disparate perturbations of the carotid and aortic baroreceptors. During application of external neck pressure, the transmural carotid sinus distending pressure was reduced, thereby deactivating the carotid baroreceptors. This is evidenced by the increase in heart rate and arterial pressure that accompanied the neck pressure (Table 2 and Figure  2 ). This reflex-mediated increase in arterial pressure would be expected to activate the aortic baroreceptors while the carotid baroreceptors were being simultaneously deactivated.
Comparison to Previous Studies
Previous investigations in animals and humans have attempted to establish the relative contribution of the aortic and carotid baroreflexes to autonomic adjustments during alteration in arterial pressure. Several early studies performed in experimental animals suggested that the aortic baroreflex has a higher threshold and lower sensitivity than the carotid baroreflex, especially regarding control of vascular resistance.5-7 On the other hand, several previous studies in humans have suggested that the aortic baroreflex has a more important role than the carotid baroreflexes in the control of heart rate13,14 and sympathetic activityl516 in response to steady-state elevation of blood pressure. It seemed that the relative contributions of the aortic and carotid baroreflexes during decreases in arterial pressure may differ from that during increases in pressure.
Guz et al17 reported that aortic baroreflex activity was minimal when resting arterial pressures are below normal in humans. They reasoned, therefore, that the aortic baroreflexes do not play a major role in reflex adjustments when arterial pressure is decreased. Glick and Covell27 demonstrated that when the aortic and carotid baroreceptors of dogs were exposed to disparate stimuli, the activation of either one with an increase in perfusion pressure would override the deactivation of the other and result in bradycardia. Edis28 showed that during hemorrhage in dogs, the aortic baroreflex was less elfective than the carotid baroreflex in opposing the resultant decrease in arterial pressure. Pelletier et a16 examined afferent nerve activity arising from the aortic and carotid baroreceptors at varying levels of transmural perfusion pressure in a canine model and concluded that the aortic baroreflex has a more significant role in reflex responses during increases of arterial pressure than during decreases in pressure. Using a pneumatic neck collar, Thron et al '9 demonstrated that in human subjects the reflex fall in blood pressure during neck suction was less than the reflex increase in arterial pressure during comparable levels of neck pressure. They concluded that carotid baroreceptor discharge is near maximal at rest and, therefore, that the carotid baroreflexes are primarily responsible for preventing arterial hypotension. Mancia and colleagues,14 using similar techniques but correcting for the more effective transmission of neck pressure than neck suction, suggested that there are inherent asymmetries in the carotid baroreflex of humans. They suggested, therefore, that the carotid baroreflex of normotensive humans is more sensitive to decreases in blood pressure and functions effectively as an antihypotensive reflex. Similar asymmetries in the MSNA responses to changes in carotid distending pressure in normal human subjects were described by Rea and Eckberg,18 who also suggested that the carotid baroreflex was a more effective antihypotensive than antihypertensive reflex. Mancia et al'4 speculated, based on the neck collar studies in humans described above and on data from animal experiments, that the aortic baroreflex in humans may function better in buffering increases in arterial pressure.
In contrast to the observations noted previously, the present investigations indicate that the aortic baroreflexes are important in buffering decreases in arterial pressure, just as they have been shown to be important in buffering increases in pressure.13-'6 baroreceptors as evidenced by the reflex rise in heart rate and arterial pressure. The elevation in arterial pressure during neck pressure would be expected to result in aortic baroreceptor activation. Thus, during neck pressure, the aortic and carotid baroreceptors were again being exposed to disparate stimuli (carotid baroreceptor deactivation and aortic baroreceptor activation). The level of applied neck pressure was chosen in an attempt to mimic the fall in mean arterial pressure achieved during the nitroprusside infusion in the first protocol, assuming the incomplete transmission of neck pressure to the carotid sinus. Therefore, during infusion of nitroprusside and during neck pressure, the carotid baroreceptors were being deactivated to a similar degree. The only difference between these two protocols was the degree of aortic baroreceptor activation relative to control (neck pressure, aortic activation by reflex increase in arterial pressure; nitroprusside, aortic deactivation). In both cases, the level of MSNA corresponded to the influence of the aortic baroreflexes, rather than to that of the carotid baroreflexes, with increased MSNA during nitroprusside infusion (aortic baroreceptor deactivation) and a small but insignificant decrease in MSNA associated with the small increase in arterial pressure during neck pressure (Figure 4) .
Although it was impossible for us to precisely quantify the relative inputs of each baroreflex, we believe it is reasonable to assume that deactivation or activation occurred at the times stated. Our data are inconclusive regarding the role of the carotid baroreflex in influencing MSNA during decreases in arterial pressure, although the data suggest that the aortic baroreflex has a very important role. Some measure of carotid baroreflex influence on MSNA is suggested by the finding that during nitroprusside infusion with superimposed neck suction, a further decrease in mean arterial pressure did not result in a further increase in MSNA.
This study also demonstrated that the pattern of arterial baroreflex influence on heart rate may be distinct from that of the influence on MSNA during decreases in arterial pressure. This is consistent with increasing evidence from human and animal studies that a dissociation may exist between arterial baroreflex control of heart rate and vascular tone during perturbations in arterial pressure.11,13,15 The aortic and carotid baroreflexes appear to contribute importantly to the control of heart rate,8,29-32 and some previous investigations suggest that the greater influence is attributable to the aortic baroreflex.13,14 We have recently reported a series of experiments in human subjects during phenylephrine-induced steady-state elevation of arterial pressure in which the resultant level of MSNA was primarily dependent on the degree of aortic baroreceptor activation, whereas aortic and carotid baroreflexes seemed important regulators of heart rate responses.'s In the present studies, we also find that heart rate responses to decreases in arterial pressure seem regulated by aortic and carotid baroreflexes. In these subjects, the profound sympathoexcitation seen during nitroprusside-induced hypotension was maintained during superimposed activation of the carotid sinus baroreceptors with neck suction. In contrast, the reflex tachycardia seen during nitroprusside infusion was reversed with neck suction, although heart rate did not return fully to control levels.
The studies using neck pressure are also consistent with the concept that the aortic and carotid baroreflexes may have different influences on heart rate and MSNA. During neck pressure (carotid baroreflex deactivation and aortic baroreflex activation), we observed a reflex increase in heart rate but a slight decrease in MSNA. This would again suggest that the carotid baroreflex has an important role in determining heart rate responses but that MSNA is more under the control of the aortic baroreflex.
Potential Limitations of the Study
We recognize several potential limitations in the design and interpretation of these studies. First, as discussed earlier, we were unable to precisely quantify the exact degree of baroreceptor activation or deactivation during all of the various experimental perturbations. In particular, we could not precisely quantify the transmural pressure in the aortic arch, carotid sinus, and left ventricle during the various interventions used in these studies. This relates to the inherent limitation of performing such investigations in intact human subjects. Thus, it is impossible to definitely compare the relative afferent input from each group of baroreceptors when the protocol called for producing disparate stimuli to the aortic and carotid baroreceptors. However, the effectiveness of the neck collar and its transmission characteristics are well described, and the levels of neck suction and neck pressure used were of a magnitude great enough to produce predictable changes as described above. Therefore, it is reasonable to assume that carotid activation and deactivation were occurring at the prescribed times and that our conclusions remain valid.
A second caution in interpreting these data is that all studies were performed in subjects in the supine position. This was necessitated by the inability to achieve adequate fitting of the neck collar in upright subjects. In addition, we wished to minimize the possibility that alterations in cardiac filling pressure, and resultant changes in cardiopulmonary baroreceptor input, would alter the observations on the arterial baroreflex mechanisms. We cannot exclude the possibility that differences in arterial hydrodynamics in the upright position may produce a different balance between the carotid and aortic baroreflex influences on MSNA and heart rate control.
A third caution relates to the potential for the cardiopulmonary baroreceptors, another group of tonically active inhibitory mechanoreceptors, to have influenced the results of the study. Cardiac preload is the predominant determinant of the activity of these cardiopulmonary baroreceptors, whereas ventricular systolic pressure and dP/dt are also of some importance.33 In addition, previous studies in humans have suggested an interaction between the cardiopulmonary and the arterial baroreceptors. 34, 35 To prevent alterations in cardiopulmonary baroreceptor activity during these experiments, we maintained central venous pressure at control levels throughout all phases of the study by infusing normal saline intravenously to offset the venodilator effects of the nitroprusside infusion. Of importance to this issue is the recent study in our laboratory of a patient with total sinoaortic denervation but with preserved cardiopulmonary afferent responses.36 In this patient, there were no significant changes in MSNA in response to infusion of either phenylephrine or nitroprusside, suggesting that the arterial, but not the cardiopulmonary, baroreceptors are the major determinants of MSNA during hemodynamic alterations similar to those used in the present studies. Therefore, we believe it unlikely that the cardiopulmonary baroreflexes significantly influenced the results of these studies.
Finally, in performing these studies, we have used recording of efferent sympathetic nerve activity from only one site, the peroneal nerve. It is known that there are profound differences in the control of sympathetic nerve activity to various tissues and vascular beds.21,37 Nonetheless, in normal subjects, spontaneously occurring fluctuation in MSNA have been shown to be similar in different extremity nerves,38 as are MSNA responses during isometric exercise. 39 In the present studies, all MSNA responses were compared with a stable control recording of MSNA. Thus, although we cannot generalize to total or other organ-specific sympathetic responses, the intraindividual comparisons of peroneal MSNA used in this study remain valid.
In summary, by using experimental strategies to selectively perturb the aortic and carotid sinus baroreceptors in normal humans, we directly measured heart rate and sympathetic nerve responses to assess the relative contribution of these two reflex pathways on autonomic control during hypotension in normal subjects. The results suggest that the aortic baroreflex exerts a very important regulation of efferent sympathetic nerve responses to steadystate reductions in arterial pressure.
